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16 Abstract: Culture systems for 3-dimensional tissues, such as multicellular spheroids, are
17 indispensable for high-throughput screening of primary or patient-derived xenograft (PDX)-
18 expanded cancer tissues. Oxygen supply to the center of such spheroids is particularly critical for
19 maintaining cellular functions as well as avoiding the development of a necrotic core. In this study,
20 we evaluated 2 methods to enhance oxygen supply: (1) using culture plate with gas-permeable

21 polydimethylsiloxane (PDMS) membrane at its bottom and (2) embedding hydrogel beads in the
22 spheroids. Culturing spheroids on PDMS increased cell growth and affected glucose/lactate
23 metabolism and CYP3A4 mRNA expression and subsequent enzyme activity. The spheroids
24 comprised 5000 Hep G2 cells and 5000 20 pm-diameter hydrogel beads did not develop a necrotic
25 core for 9 days when cultured on a gas-permeable sheet. In contrast, central necrosis in spheroids
26 lacking hydrogel beads was observed after day 3 of culture, even when using PDMS. These results
27 indicate that the combination of gas-permeable culture equipment and embedded hydrogel beads
28 improves culture 3D spheroids produced from primary or PDX-expanded tumor cells.

29

30 Keywords: multicellular spheroids; 3D culture; gas-permeable plate; hydrogel beads;

31 methylcellulose
32

33 1. Introduction

34 Patient-derived xenograft (PDX) models are important because they can maintain tumors
35 isolated from patients with their complex heterogeneity and molecular diversity retained [1-4]. PDXs
36  areexpected to be highly predictive in preclinical testing when applied to personalized medicine and
37 when compared with the conventional methods using established cell lines, which rapidly lose their
38  original tumor properties in two-dimensional culture [5-7]. Although inferior to PDX models, in vitro
39  methods are becoming popular for reproducing cancer tissues in 3D microenvironments. Tumor-
40  organoid cultures (grown from a single stem cell) are now popular for recapitulating the hierarchical
41 structure of tumor tissues in vitro [8]. Formation of tumor spheroids (from minced tumor tissues or
42 multiple-cell suspensions) is also an attractive option for stable cultivation of tumor tissues in vitro.
43 Inoue and colleagues developed CTOS, which enables the maintenance of patient-derived cancer
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44 cells in a 3D culture system [9]. Organoid culture using patient-derived tumors in combination with
45  immune cells at an air-liquid interface has also been developed [10]. These in vitro systems are
46  indispensable for high-throughput drug screening using tumors directly isolated from patients as
47  well as those expanded by PDX.

48 The major difference between PDX and other in vitro 3D culture methods is the distribution
49  of oxygen and nutrients in the cancer tissues. In the PDX method, xenografts contain an integrated
50  vascular system from the recipient animal, facilitating an adequate supply of oxygen and nutrients.
51 However, these factors are difficult to control in vitro 3D culture methods because of the lack of blood
52 wvessels, leading to necrotic cell death in the central regions of the 3D culture. Such undesired cell
53 death makes it difficult to grow cancer tissues/cells and distinguish the effects of anti-cancer drugs,
54 especially at low doses during long-term culture.

55 We previously developed a gas-permeable bottom plate using a polydimethylsiloxane
56 (PDMS) sheet to improve gas exchange in 3D cultured tissue [11,12]. We also developed a method to
57  fabricate 3D hybrid spheroids comprising cells and hydrogel beads with a diameter 20 um. When we
58  mixed equal number of cells and beads, the beads form microchannel-like structures in the spheroids
59  [13], which enhanced protein secretion by hepatocytes and pancreatic beta cells [13-15]. These effects
60  were thought to be derived from improved oxygen and nutrient supply or waste product removal.
61  However, we did not investigate the effect of combining the gas-permeable plate and hydrogel beads.
62 In this report, we investigated the effect on oxygen supply to 3D spheroids of using both
63  the gas-permeable plate and embedding hydrogel beads from the point of cell growth, glucose/lactate
64  consumption/production and CYP3A4 expression/activity. The distribution of oxygen was estimated
65 Dby cellular function, and we defined 4 zones of high-, mid-, and low oxygen pressure as well as
66  necrotic regions. Based on our results, we discuss the differential effects of oxygen supply between
67  gas-permeable plate and hydrogel beads. These efforts suggest new approaches to modifying PDX in
68  vitro as well as the utilization of expanded tumor cells in PDX models for high-throughput screening.

69
70 2. Materials and Methods

71 2.1 Cell culture

72 The human hepatoma cell line Hep G2 (Japanese Collection of Research Bioresources Cell Bank,
73 Osaka, Japan) was obtained from the Japanese Center Research Bank and grown in Dulbecco's
74  Modified Eagle's Medium (DMEM; 041-2977, FUJIFILM Wako, Osaka Japan) supplemented with 10%
75 fetal bovine serum (s-1780-500, Biowest, Nuaillé, France) and 5% of penicillin-streptomycin (168-
76 23191, FUJIFILM Wako). Cells were incubated at 37°C, 5% COz, and 100% humidity using a CO:2
77  incubator, and maintained at sub-confluency by allowing passaging every 2 or 3 days.

78

79 2.2 Gas-permeable plate

80 A gas-permeable PDMS sheet was attached under a bottomless 24-well plate made of acrylic
81  resin, as reported previously [11,12]. The sheet was produced by mixing 13 g of Silpot 184 and 1.3 g
82  of crosslinking reagent (Dow Toray, Co., Ltd., Tokyo, Japan), pouring the mixture into a square dish
83  (36-3458, Eiken Chemical, Tokyo, Japan) to a thickness of approximately 3 mm, baking at 60°C for
84 overnight, cutting it to the size of the bottom of the plate, and sterilized by ultraviolet irradiation for
85 15 min. After attaching the PDMS sheet to the bottom of plate with a metal plate and screws, the
86  absence of leaks was confirmed using 70% ethanol.

87

88 2.3 Hydrogel beads

89 An inkjet Pulselnjector and WaveBuilder system (Cluster Technology, Osaka, Japan) was used
90  form hydrogel beads with a diameter of approximately 20 um, as described previously [13,15].


https://doi.org/10.20944/preprints201905.0005.v1
https://doi.org/10.3390/cells8060525

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 May 2019 d0i:10.20944/preprints201905.0005.v1

3o0f14

91  Solutions of 1.5% sodium alginate and 5% calcium chloride were sterilized and the sodium alginate
92  solution was loaded into the nozzle cassette while the calcium chloride solution was poured into a
93 Petri dish and used to collect and gel the alginate droplets as they were discharged from the nozzle.
94 The calcium chloride solution was agitated using a magnetic stirrer during this process, which used
95 a25 um of nozzle pore size and a voltage of 15V and frequency of 1000 Hz.

96 2.4 Methylcellulose (MC) medium

97 To prepare 3% MC medium was prepared by placing 3g of methylcellulose (M0512, Sigma-

98  Aldrich, St. Louis, MO, USA) and a magnetic stirrer bar into a glass bottle and autoclaving. One

99  hundred ml of growth medium was then added to the bottle and stirred overnight in a cold room.
100  Any remaining undissolved MC was broken up using a pipette and stirred until dissolved.

101 2.5 Spheroid production

102 Spheroids were produced using a method described in a previous report [16] and protocol [17].
103 Two ml of the MC medium was poured into a 35 mm Petri dish with using Microman (Gilson,
104  Middleton, WI, USA), because of the high viscosity of the MC medium. Conventional spheroids were
105  formed by suspending Hep G2 cells in growth medium at 5x106 cells/ml and then injecting the
106  suspension into the MC medium in 1 ul aliquots. About 100 spheroids could be formed in a 35 mm
107 dish. After 24 h, 5 U/ml cellulase reagent (Onozuka RS; Yakult Pharmaceutical Industry, Tokyo,
108  Japan) was prepared in normal culture medium and added 1 ml of the cellulase reagent to the MC
109  medium in a 35 mm Petri dish. The mixture was incubated for 30-60 min at 37°C to reduce the
110 viscosity by digesting the cellulose backbone. MC medium containing the spheroids was then
111 transferred to a centrifuge tube and washed twice with phosphate-buffered serine (PBS) without
112 centrifugation. The spheroids were then cultured in 24-well plate with ultra-low attachment surface
113 (3473, Corning, One Riverfront Plaza park, NY, USA) or gas-permeable plates for 9 days in normal
114  culture medium. The number of spheroids were adjusted 5 or 10 per well, and the spheroids were
115 cultured statically. The normal culture medium was exchanged every 2 days. Hybrid spheroids
116  comprising cells and alginate hydrogel beads were produced by mixing equal volumes of a Hep G2
117 cell suspension (1x107 cells/ml) and hydrogel beads (1x107 beads/ml) in growth medium to produce
118  a suspension of 5x106 cells/ml and 5x10¢ beads/ml. Subsequent processing was the same as for
119  conventional spheroids.

120 2.6 Paraffin sectioning and hematoxylin-eosin staining

121 Spheroids were fixed with 4% paraformaldehyde (PFA) and 10 spheroids were suspended in 30
122 ul of 1.5% sodium alginate solution, which was then gelled by the addition of 30 pl of 10% calcium
123 chloride. The gel capsules were embedded in a paraffin block and sectioned at a thickness of 6 pum.
124 The sections were placed on a slide glass and stained using a conventional hematoxylin-eosin (HE)
125  methodology.

126 2.7 Pimonidazole labeling

127 Hypoxyprobe (HP1, Hypoxyprobe Inc., Burlington, MS, USA) was used according to the
128  manufacturer’s instructions. Briefly, 5.8 mg of pimonidazole hydrochloride was dissolved in 10 ml
129 of fresh culture medium and spheroids were cultured in this medium for 2 h and then immediately
130 processed into frozen sections.

131 2.8 Frozen sectioning and immunostaining

132 Ten cultured spheroids were suspended in 30 pl of 1.5% sodium alginate solution, which was
133 then gelled by the addition of 30 pl of 10% calcium chloride. The gels were placed into a 15% sucrose
134 solution at 4°C and then embedded in Tissue-Tek O.C.T. compound (Sakura Finetek Japan Co., Ltd.,
135  Tokyo, Japan) at 4°C for 1 h before soaking with liquid nitrogen for 3 min to produce blocks for
136  sectioning. The blocks were sectioned at a thickness of 8 um using a cryostat (CM1950, Leica


https://doi.org/10.20944/preprints201905.0005.v1
https://doi.org/10.3390/cells8060525

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 May 2019 d0i:10.20944/preprints201905.0005.v1

40f14

137  Biosystems, Wetzlar, Germany) and the sections were dried using an electric fan and then circled
138 with PAP Pen Super-Liquid Blocker (DAIDO SANGYO, Saitama, Japan). Samples were fixed with
139 4% PFA, blocked with 5% skim milk reagent, labeled with 200-fold diluted anti-Ki-67 antibody (MA5-
140 14520, Thermo Fisher Scientific, Waltham, MA) and 200-fold diluted anti-pimonidazole antibody
141  (HP1, Hypoxyprobe) at 4°C for overnight.

142 The slides were treated with 400-fold diluted Alexa Fluor 488-conjugated anti-rabbit
143 secondary antibody to detect anti-Ki-67 antibody (Thermo Fisher Scientific), 400-fold diluted Alexa
144 Fluor 546-conjugated anti-mouse IgG1 secondary antibody to detect anti-pimonidazole antibody
145  (HP1, Hypoxyprobe) and 1 pg/ml of Hoechst 33342 (346-07951, Dojindo Laboratories, Kumamoto,
146  Japan) for 2 h. After washing, the sections were sealed with glycerol and cover slips and examined
147 by fluorescence microscopy (BZ-X-700, Keyence Corporation, Osaka, Japan).

148 2.9 DNA quantification

149 Ten spheroids from each group were collected and centrifuged at 1000xg at room temperature
150 for 3 min to remove supernatants. Two hundred pl of lysis buffer (1 mM Tris, 5 mM NaCl, and 0.5
151 mM EDTA) was added to the spheroids and sonicated with a ultrasonic homogenizer (THU-80, AZ
152 ONE Corporation, Osaka, Japan) to isolate genomic DNA. The treatment was performed 5 times for
153 1 sec each with minimum power. DNA concentration was measured using a QuantiFlour dsDNA
154  System (Promega, Madison, WI, USA).

155 2.10 Glucose and lactate measurement

156 Cocentrations of glucose and lactate were analyzed using an auto analyzer (B15011-6, Xylem Inc,
157  RyeBrook, NY, USA).

158  2.11 RNA extraction and cDNA synthesis

159 Twenty spheroids from each condition were lysed using 250 ul of Trizol reagent (T9424, Sigma-
160  Aldrich) in a microfuge tube and incubated for 5 min at room temperature. Fifty pl of chloroform
161 (033-15721, FUJIFILM Wako) was then added to the sample, vortexed, and incubated for 10 min at
162  room temperature. The microfuge tubes were centrifuged at 4°C for 15 min at 12000xg and 100 pul of
163  each aqueous phase was transferred to a new microfuge tube followed by the addition of 125 pl of 2-
164 propanol (162-17001, FUJIFILM Wako), vortexing, and incubation for 5 min at room temperature.
165  The tubes were centrifuged at 12000xg at 4°C for 10 min, the supernatant removed, and the RNA
166  pellet at the bottom of each tube washed with 75% ethanol (052-07221, FUJIFILM Wako). After the
167  removal of the ethanol following centrifugation at 7500xg at 4°C for 5 min, the pellet was dried and
168  then dissolved in 30 ul of RNase-free water. RNA was quantified using a Nano Drop (ND-1000,
169  Thermo Fisher Scientific) and then denatured by incubation at 65°C for 5 min and before placing on
170  ice. Reverse-transcription was performed using 8 pul RNA solution containing 500 ng of RNA and 2
171 pl of reagents and primers (FSQ-201, TOYOBO CO. LTD., Osaka, Japan) following the
172 manufacturer’s instructions.

173 2.124PCR

174 Forward/reverse primers, SYBR Green I (172-5270, BIO-RAD, Bio-Rad Laboratories, Inc.,
175  Hercules, CA, USA) and ¢cDNA were mixed in a PCR tube, and qPCR was performed using a
176  StepOnePlus instrument (Thermo Fisher Scientific). The primers were: hCYP3A4-F (aag tcg cct cga
177  aga tac aca), hCYP3A4-R (aag gaa gag aac act gct cgt g), hGAPDH-F (gag tca acg gat ttg gtc) and
178  hGAPDH-R (ggc aac aat atc cac ttt ac). mRNA expression of CYP3A4 was normalized that of GAPDH,
179  and values were expressed as fold-change compared to the Control condition.

180

181  2.13 CYP3A4 activity assay
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182 Ten spheroids for each condition were cultured in conventional and gas-permeable 24-well
183  plates then washed with PBS. The spheroids were then incubated with 300 pl of growth medium
184  containing 2500-fold diluted Luciferin-IPA (V9001, Promega) in a CO2 incubator (37°C, 5%) for 6 h.
185  Fifty pl of the incubated medium was then transferred to a 96 well plate (236107, Thermo Fisher
186  Scientific) for luminescence detection and 50 ul of detection reagent was added to each well, followed
187 by incubation in the CO:z incubator for 10 min. Luminescence was detected using a SPARK plate
188  reader (TECAN, Minnedorf, Switzerland) and CYP3A4 activity plotted as fold-change compared
189  with the Control condition.

190  2.14 Statistical analysis

191 Data were statistically analyzed by one-way ANOVA followed by Dunnett's test was performed,
192 and p < 0.05 was considered to be statistically significant (Prism 8, GraphPad Software, San Diego,
193 CA, USA).

194

195 3. Results

196 3.1 Spheroid formation and culture conditions

197 Our approach to improving oxygen supply to spheroids was based on 2 factors, namely,
198  modifying the materials of culture plate and improving the architecture of multicellular spheroids.
199 A gas-permeable plate with a basal PDMS sheet at the bottom of the plate was used to accomplish
200  the former (Figure 1, lower panel). Because the solubility of oxygen in PDMS (10.6 nmol/ml/mmHg;
201 [18]) is 8.9 times higher than in medium (1.19 nmol/ml/mmHg; [19]), cells can obtain oxygen more
202 effectively after attaching to a PDMS sheet than they can simply from culture medium [12]. The latter
203  approach was accomplished by producing “hybrid spheroids” comprising cells and an equal number
204  of 20 um-diameter hydrogel beads that had been cultured together in MC medium for 24 h (Figure
205 1, upper panel). Control spheroids were produced in the same way but lacked the hydrogel beads
206  and were used to compare with the hybrid spheroids. Both types of spheroids were isolated from the
207  MC medium and then incubated on either ultra-low-attachment control or gas-permeable PDMS
208  plates.
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210
211 Figure 1. Schematic illustration of hydrogel bead-embedded spheroids and gas-permeable plate.
212 Cells/beads suspended in normal culture medium were injected into 3% MC medium. The injected
213 normal culture medium was adsorbed by the surrounding MC medium and the cells/beads
214 aggregated between 10 and 30 min after injection. The aggregated cells/beads were cultured for 24 h
215 without settling because of the high viscosity of the 3% MC medium and 24 h was sufficient to
216 organize the spheroids containing hydrogel beads. After 24 h, the spheroids were isolated from the
217 MC medium using cellulase to reduce its viscosity. The conventional and bead-containing spheroids
218 were then cultured on normal polystyrene plates or ones with gas-permeable PDMS bottoms.
219 Hydrogel beads and PDMS were be expected to enhance oxygen supply to the spheroids.
220
221 In order to investigate whether the combination of the gas-permeable plate and hydrogel

222 beads improve oxygen supply to the centers of spheroids, we compared the 4 conditions (Figure 1):
223 conventional spheroids cultured on polystyrene plates (Control), spheroids with hydrogel beads
224 cultured on control plates (Beads), conventional spheroids cultured on gas-permeable plates (PDMS),
225  and spheroids with hydrogel beads cultured on gas-permeable plates (PDMS+Beads). The
226  experimental design of this study is depicted in Figure 1. Production of hybrid spheroids by the
227  injection of a cell/bead suspension into MC medium was performed on day -1, and isolation of the
228  spheroids from the MC medium was performed on day 0. All groups were cultured for 9 days in
229  normal culture medium, which was changed every 2 days.

230

231 3.2 Differences in spheroid cell growth and energy metabolism

232 Genomic DNA was extracted from the spheroids and analyzed to determine the effect of culture
233 conditions on cell growth. The DNA content under each condition almost same at day 0 and increased
234 over time (Figure 2a). DNA content under the PDMS and the PDMS+Beads conditions was clearly
235  higher than under the Control and the Beads conditions, indicating that oxygen supply from gas-
236  permeable plate bottom improved cell proliferation. In contrast, the presence of beads did not affect
237  DNA content in either polystyrene or gas-permeable plate. Oxygen supply rate could change the
238  cellular metabolism, so we also assessed whether culture conditions affected glucose consumption
239 and lactate production. Glucose consumption and lactate production almost halved under the PDMS
240  and PDMS+Beads conditions compared with the Control and Beads conditions at day 3 (Figure 2b
241 and 2c); however, there was no significant difference between the Control and Beads conditions or
242  between the PDMS and PDMS+Beads conditions. These data suggest that the dominant factor
243 affecting glucose consumption and lactate production was the presence of absence of a gas-permeable
244 plate, since efficient ATP production by oxidative phosphorylation might reduce both glucose
245  consumption and lactate production.

246
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249 Figure 2. DNA content, glucose consumption and lactate production of spheroids. (a) DNA was
250 extracted from 10 spheroids and measured at days 0, 3, 6 and 9. Blue and red represent polystyrene
251 or gas-permeable conditions, respectively. Broken and solid lines represent normal or hydrogel bead-
252 embedded spheroids. (b) Glucose consumption was measured at day 3 and expressed as fold-change
253 relative to Control condition. (c) Lactate production was measured at day 3 using the same samples
254 as for glucose consumption. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
255
256 3.3 Enhancement of CYP3A4 gene expression and enzyme activity
257 CYP3A4 gene expression was measured at day 1 (Figure 3a) and found to be approximately 4

258  times higher under the PDMS and PDMS-Beads conditions than the Control and Beads conditions,
259  and there was no significant difference between hybrid and conventional spheroids regardless of the
260  use of polystyrene or gas-permeable plates. CYP3A4 enzyme activity was also evaluated at day 1 and
261  showed trends similar to those of gene expression (Figure 3b). These data suggest that the gas-
262  permeable membrane plate enhances CYP3A4 expression and activity.

263
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265
266 Figure 3. Gene expression and activity of CYP3A4. (a) CYP3A4 mRNA expression under Control,
267 Beads, PDMS and PDMS+Beads conditions was measured by qPCR using spheroids at culture day 1.
268 The results were normalized by the expression of GAPDH mRNA and are presented as the fold-
269 difference compared with that of the Control condition. (b) CYP3A4 enzyme activity under each
270 condition was measured at day 1 and is presented as the fold-change compared with the Control
271 condition. ***p < 0.0001.
272
2773 3.4 Prevention of spheroid core necrosis
274 The morphology of spheroids was examined using HE staining after 3, 6 or 9 days of culture

275  under the 4 conditions, and typical necrotic cores were detected at day 3 under the Control and PDMS
276  conditions (Figure 4). In contrast, cores remained healthy under the Beads and PDMS+Beads
277  conditions, although cores under the Beads condition began exhibiting necrosis at day 6 with the
278  necrotic spheroids breaking into several pieces. Only the PDMS+Beads condition prevented cell death
279  of the center of the spheroids over the entire 9 days, suggesting that the effects of the combination of
280  gas-permeable plate and the hydrogel beads on the oxygen supply was effective and additive with
281  respect to the prevention of core necrosis.

282
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285 Figure 4. HE staining of spheroids. Spheroids at day 3, 6, and 9 and under each condition were fixed,
286 sectioned and stained with HE. Red broken lines delineate borders between healthy and necrotic
287 areas. Scale bars: 100 pum.
288
289 3.5 Spheroid oxygen distribution
290 Oxygen distribution within the spheroids was visualized by treating conventional and hybrid

291  spheroids at day 1 with a culture media containing pimonidazole hydrochloride for 2 h to label
292 hypoxic areas. Frozen sections of the spheroids were used to detect nuclei, pimonidazole
293 accumulation and Ki-67 protein. Hoechst 33342 (Hoechst) stains the nuclei of living, dying or recently
294 dead cells, but not those that have been dead for a substantial time. Therefore, Hoechst-signal-
295  negative areas in spheroids represent necrotic core that were deprived of oxygen. In contrast,
296  pimonidazole forms at an oxygen pressure of 10 mm Hg [20,21], which is lower than that needed for
297  HIF-1 expression [22], while Ki-67 protein is expressed by growing cells [23], and so serves as a
298  marker of cells under relatively higher oxygen tension. Spheroid regions were divided into 4 possible
299  areas based on these signals: necrotic (Hoechst-/Pimonidazole-/Ki-67-) and low-
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300  (Hoechst+/Pimonidazole+/Ki-67-),  mid-(Hoechst+/Pimonidazole+/Ki-67+), and  high-oxygen
301  (Hoechst+/Pimonidazole-/Ki-67+).

302 Figure 5 depicts spheroid sections at day 1 under each condition. Necrotic areas were observed
303 under the PDMS condition, but not the others, at this time point. Low-oxygen areas were indistinct
304 under all conditions because Ki-67-positive cells were widely distributed, indicating that there were
305  thick regions of mid-oxygen areas under all conditions. High-oxygen areas were clearly detected
306  under both PDMS and PDMS+Beads conditions, but they were rare under the Control and Beads
307  conditions. Peripheral areas were pimonidazole negative as well as highly Ki-67-positive under the
308  PDMS and PDMS+Beads conditions, indicating a clear effect of the gas-permeable membrane. The
309  PDMS condition exhibited a necrotic core compared with the Control condition, which may have
310  been due to elevated peripheral cell growth. Embedding of hydrogel beads was also effective in
311  preventing necrotic core formation when combined with the use of the gas-permeable membrane.

312
Control Beads

313

314

315 Figure 5. Nuclear, Ki-67 and pimonidazole visualization within spheroids. Frozen sections from
316 spheroids at day 1 were stained with Hoechst (blue), anti-Ki-67 antibody (green), and anti-
317 pimonidazole antibody (red). White broken lines indicate the outlines of the spheroids. Scale bars:
318 100 um.

319

320
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321 4. Discussion

322 In this report, we attempted to improve oxygen the supply to the multicellular spheroids, which
323 have the potential to be used for drug high-throughput screening using tumor cells from patients and
324  PDX systems. Our strategy was to combine both gas-permeable culture plates and hydrogel bead
325  embedding into the spheroids. To judge the effect of oxygen supply, we opted to used spheroids
326  containing 5000 cells and had diameters of over 300 um because such spheroids produce central
327  necrotic cores after 3 days of culture. The data presented in this report support the validity of our
328  concept for improving the culture of spheroids. It is also possible to form spheroids with diameters
329  smaller than 100 pm, and such smaller spheroids could further extend necrosis-free culture periods
330  as well as enhance cellular metabolic functions.

331 Since many cancers progress via the infiltration of blood vessels, oxygen supply is an critical
332 factor in their pathology [24,25]. Two-dimensional plate culture is an easiest way to maximize gas
333 exchange in vitro, however it does not recapitulate the tumor microenvironment another factors that
334  support tumor maintenance [26]. Spheroid culture, which has the potential to form
335  microenvironments, results in a reduced oxygen supply to the central part of the cell mass [27],
336 leading to a need to improve of oxygen supply without losing features of the microenvironment.
337  PDMS has excellent gas-absorbing properties and can dissolve 8.9 times more oxygen than culture
338  medium. Therefore, a culture dish with a PDMS bottom could potentially supply a higher oxygen
339  partial pressure to cells in contact with the PDMS than could a conventional dish [12]. In addition,
340  Hamon et al. demonstrated that the oxygen supply from a PDMS sheet resulted in the formation of
341 130 pm-thick multilayer cell structures [28].

342 The effect of the gas-permeable bottom was clear in this study. In addition to our
343 observation on the growth of Hep G2 spheroids (Figure 2a), it has been reported that rat primary
344  hepatocytes and mouse fibroblast cell lines cultured on PDMS sheets grow faster than on control
345  polystyrene plates [11]. The decrease in glucose consumption (Figure 2b) and lactate production
346  (Figure 2c) observed in this study may have been due to the efficient production of ATP by aerobic
347  culture rather than through anaerobic pathways, such as glycolysis. Enhancement of CYP3A4 mRNA
348  expression observed here (Figure 3) was comparable that in previous reports, for example, where
349  dynamic perfusion culture that could supply oxygen at higher level also enhanced CYP3A4 mRNA
350  expression in the FLC-5 hepatocellular carcinoma cell line [29] and in growth-arrested Hep G2/C3A
351  spheroids [30]. Similarly, the induction of CYP3A4 activity by the PDMS plate (Figure 3) was
352 consistent with data from perfusion culture using human primary hepatocytes [31]. Collectively, this
353  evidence supports the notion that the PDMS-dependent oxygen supply is beneficial to spheroid
354  culture even when using a static culture method.

355 Hybrid spheroids containing equal numbers of cells and 20 pm-diameter hydrogel beads
356  that form a network-like structure within the spheroid, exhibit elevated albumin secretion compared
357  with conventional spheroids consisting only of cells [13]. Hydrogel beads are thought to reduce
358  spheroid cell density and help to distribute oxygen internally, and the results reported here clearly
359  demonstrate their effect in suppressing necrosis within the central region of spheroids compared with
360  spheroids comprised of only cells (Figure 4). This effect extended from 6 to 9 days when beads were
361  used in combination with the gas-permeable plate. This effect suggests that suppression of central
362  necrosis by hydrogel beads occurs in an oxygen concentration-dependent manner. In contrast, there
363  were no significant changes in cell growth, glucose consumption and lactate production due to the
364  presence of hydrogel beads (Figure 2), nor on the mRNA expression and activity of CYP3A4 (Figure
365 3). Furthermore, the majority of the volumes of the spheroids were mid-
366  (Hoechst+/pimonidazole+/Ki-67+) and high-oxygen (Hoechst+/pimonidazole-/Ki-67+) areas, which
367  were unaffected by the embedding of hydrogel beads (Figure 5). It is therefore possible that these
368  mid- and high-oxygen areas are the sites of cell growth, glucose/lactate metabolism and CYP3A4
369  expression/enzyme activity observed experimentally. An experimental system that facilitated the
370  generation of larger low-oxygen areas, for example, a flow culture system where oxygen pressure
371  could be finely adjusted, may be needed to demonstrate the effect of hydrogel beads more clearly.
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372 In this study, we have addressed the possibility of improving oxygen supply to
373 multicellular spheroids using PDMS and hydrogel beads. Especially effect of hydrogel beads is
374  considered due to a plurality of factors, such as gas exchange other than oxygen, nutrient and waste
375  exchange, and acquisition of a cell-cell adhesion with polarity related-structure through gaps formed
376 by hydrogel beads. Although this study has not addressed the effects of these factors, they should be
377  considered in future studies. The hydrogel beads could also be coated with extracellular matrix
378  components since mesenchymal and vascular endothelial cells have different adhesion properties to
379  cancer cells and could also be mixed into spheroids using our method. The basic system described
380  here could therefore be further improved to more efficiently to culture tumor tissues as well as
381  multicellular spheroids.

382 5. Conclusion

383 The use of gas-permeable plate and embedded hydrogel beads effectively improves oxygen
384  supply to multicellular spheroids. These observations are important to the development of systems
385  for the maintenance of primary or PDX-expanded tumor tissues in vitro.

386
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